Fuel economy regulations have been increasingly tight due to, among other things, global warming and soaring crude oil prices. Europe, which has the strictest regulations, requires CO2 emissions to be reduced by 30% from 2011 levels by 2020 and afterward (see Fig. 1 ). This trend is expected to accelerate since energy demand will rise each year based on future population increases and growth of emerging economies. To meet the fuel economy regulations, vehicle electrification has been expanding, as seen with HVs and EVs. However, it is forecast that internal combustion engine (ICE) vehicles (especially compact cars) will remain dominant even in 2020 (see Fig. 2 ) because of such problems that include expensive HV and EV prices and infrastructure deployment. Consequently, it is necessary to improve the fuel efficiency of compact ICE cars, which will remain the mainstream. However, since integration of existing fuel-saving technologies currently studied in the world is, on its own, not enough, it is vital that additional measures are devised.
In the search for measures to improve the fuel efficiency of ICE cars, the current state was analyzed through measurement of the energy balance in actual ICE vehicles. (1) ⑤ generates a larger amount of energy than ② or ④.
Braking during deceleration dissipates 1.5 MJ, sufficient energy to drive the alternator, which requires 1.2 MJ.
(2) ⑤ provides better quality energy than ③. Since ⑤ generates power in the form of torque multiplied by rotational speed, the system configuration would highly probably be simple and wit low losses.
Electricity requirements and braking energy of a B-segment car were measured to identify problems in regenerating braking energy and using it as electricity. Regarding auxiliaries, only the air-conditioning system was operated during the test. The navigation, proximity sensor, rear view camera, and EPS systems were not operated. Fig. 4 shows a time-series graph of braking energy and electricity requirements in the in-use fuel economy mode drive cycle. The graph reveals that the total electricity requirements of the vehicle amount to 680 kJ, which is about one half of the total braking energy (1420 kJ). Meanwhile, electricity con- Vol. 19 2014 sumption is constantly 0.35 kW (on average), while braking energy of 3.4 kW (on average) is generated intermittently.
In other words, although the braking energy meets the electricity requirements in terms of the total amount of energy, it does not continuously cover the requirements. Moreover, the current on-board lead acid battery has a low maximum input capacity of a few hundred watts, resulting in regeneration of only a fraction of the braking energy. Consequently, to use braking energy as electricity, it is necessary to use an energy storage device that temporarily stores a large amount of energy.
Energy storage devices currently considered promising are categorized into three types according to energy storage form ( Table 1) : power generated by a generator and stored as electricity; fluid pressure increased by a pump or the like and stored as pressure; and the speed of a rotating body of significant inertial mass increased by reduction gear or the like and stored as kinetic energy. These present their respec- The FW system is considered promising for use in conventional vehicles specifically due to few restrictive conditions (temperature and durability) in application and cost reduction potential. We have designed a system, combining an existing alternator and an FW, to temporarily store a large amount of braking energy as rotational energy in the FW and to operate the alternator to generate power when electricity is needed. For installation in mass-produced vehicles, however, it was necessary to address challenges such as simplified reduction gear and generator designs, avoiding the use of a vacuum pump, and use of a low-cost FW material. This paper details these challenges and presents ideas as solutions to them.
Challenges

Simplified Reduction Gear and Generator Designs
Storing energy in a FW system increases the FW speed. To this end, it is necessary to change the rotational speed on the part of the vehicle to a higher speed than the FW speed with a device that provides continuous speed variation. The following three systems are used for continuous speed variation. High cost is an issue with all these systems because of the need for expensive equipment such as CVT and motor inverter. （i） Electrical conversion system: Converts braking energy into electrical energy via a generator. The electrical energy is used to increase the speed of a motor coupled to a FW to store the energy. For power generation, the motor coupled to the FW is used as a generator. （ii） CVT system:
The input shaft on the vehicle is coupled to the input shaft of a toroidal or belted continuously variable transmission.
The output shaft is coupled to a FW. This system changes the speed input from the vehicle to increase the FW speed.
For power generation, a generator coupled to the FW is used. （iii） Electric CVT system (Prius THS system):
Three shafts of planetary gear are used as an input shaft (input shaft on vehicle), output shaft (coupled to the FW), and speed change shaft (coupled to the motor) to change the speed input from the vehicle to increase the FW speed.
Power is generated by a motor inverter coupled to the speed change shaft.
Avoiding the Use of a Vacuum Pump
At high FW speeds, losses (windage losses) are produced by friction between the FW and the air. The magnitude of the loss is roughly proportional to the ambient pressure. In some cases with our competitors, this problem is addressed by installing a vacuum pump, which is costly. Consequently, the use of a light and low-speed FW with the aim of increasing the material strength reduces the amount of stored energy and translates to reduced effectiveness of the FW in improving the fuel economy. One solution to this tradeoff is the use, at high speeds, of a high specific strength material (CFRP or magnesium alloy) that has a high strength to weight ratio. However, this solution is costly.
Solutions
Our solutions to these challenges are shown in Fig. 5 . To reduce the cost, this system incorporates an electric CVT, the already installed alternator as motor coupled to the speed change shaft, negative engine pressure (intake) instead of a vacuum pump, and a FW constructed of steel. The system has three components, which work as explained below. Decompresses the FW housing with negative engine pressure (intake), providing functions to reduce losses caused by FW rotating at high speeds. Since the negative engine pressure is expected to reduce the pressure to 20 to 30 kPa, windage losses diminish to one-fourth to one-fifth of those that would occur in the atmosphere. Although the present system has greater windage losses than in a vacuum (windage loss: 0 W), the design avoids the use of a vacuum pump and offers optimum FW geometry and housing to reduce the cost.
２．CONCEPT OF AN ALTERNATOR WITH KINETIC ENERGY STORAGE
Kinetic Energy Storage: FW (low-cost FW)
Provides functions to store energy as FW rotational force.
The system uses a FW made of steel and limits its maximum speed so that the material strength is not exceeded.
Although the system speed will be lower than achievable with a high specific strength material (e.g., CFRP), a higherdensity material (steel) is advantageous since the surface area of the FW will be smaller for the same inertia, given operations in a non-vacuum, or under low pressure conditions. Furthermore, the cost is expected to be low.
Power Split Device
The system achieves regenerative braking, as explained below.
1. During Deceleration (Fig. 6，Fig. 7 ) ①In response to the driver's request for braking, torque output to the wet electromagnetic brake is multiplied by a factor of the gear ratio of the planetary gear and applied to the ring gear of the planetary gear. Rotative power is transferred from the vehicle to the carrier, sun gear and to the FW, increasing the FW speed to store energy. ②Total torque applied to the ring gear and sun gear is applied to the axle as braking torque and the vehicle decelerates. ③Energy stored by the FW is converted into electricity by the alternator coupled to the FW.
In this process, the three shafts of the planetary gear undergo changes, as shown in the collinear diagram (Fig. 7) . 
Flywheel Material
Steel (SCM415) was selected as FW material to provide anticipated cost reduction, as has been discussed. The effects of the system installed in a conventional compact car on fuel economy improvements were calculated based on the measurement data. Three drive modes were used: in-use fuel economy mode (Fig. 12) ; JC08 mode (Fig. 13) ; and NEDC mode (Fig. 14) . In each drive mode, the driving force, indicated power of the engine, electrical load, fuel consumption, alternator efficiency, axle speed etc.
of the vehicle were measured. Using these measurements, the braking force (regenerative energy), amount of generated electricity, and engine load (fuel consumption) reductions of the system brought about by the use of regenerative energy, were calculated on a time-series basis. The stored energy at the time of the run end was used to recharge the battery by the alternator. Table 3 shows the results.
The results revealed potential improvements to the fuel economy of 2.3% to 8%, varying with drive mode, temperature condition, start condition, and air-conditioning system condition (on/off). Fig. 12 In-use fuel economy mode drive cycle 
３．SIMULATING IMPROVEMENTS IN FUEL CONSUMPTIONS
alternator, both of which respectively account for approximately 10%. Remaining energy can be regenerated for use as electricity, which accounts for 20% to 30% of the total braking energy.
A prototype of the system was constructed, installed in a vehicle, and tested in order to quantitatively determine its effects on improving the fuel economy and to identify problems. Fig. 16 shows the structure of the prototype. The aforementioned specifications and structure were modified as shown below due to mounting and temporal restrictions. ① Reduction gear installed on input shaft: The prototype was installed in the large space under the rear seat of a 4WD
vehicle with the vehicle's propeller shaft removed and energy taken from the transfer (see Fig. 17 ). Accordingly, reduction gear was separately installed to compensate for the insufficient speed increasing ratio of the transfer. ② Use of existing alternator: Since high-speed integrated alternators were under separate assessment, a mass-produced alternator was used and the speed was governed according to the FW speed via reduction gear. ③ Torque control by electric motor: A commercially available AC servomotor was used instead of a dedicated wet electromagnetic brake, since designing it would take time.
However, development of a wet electromagnetic brake progressed concurrently. Its responsiveness and other characteristics were simulated by the AC servomotor. Fig. 18 shows an exterior image of the test vehicle (see Table 4 ). For good controllability and reproducibility, the test vehicle was placed on test equipment and a dynamo was directly coupled to the front axle to reproduce the load applied to the road surface. To regenerate energy dissipated by engine braking, control needs to be implemented to decouple the engine from the axle. In that process, however, the engine speed tends to decrease to the idling speed, probably causing detrimental effects such as a reduced fuel cut time. This is to be analyzed in detail. The cause of area 2 was noise imposed on the rotation signal, which reduced the braking range. This is believed to be solvable.
Regarding windage loss, the operating pressure decreased only to 30 kPa in the vehicle, in contrast to the anticipated pressure of 20 kPa, due to significant resistance caused by the check valve. The drag loss was largely caused by transmission losses occurring upstream of the power split device of the prototype. To solve these problems, we will study additional loss reductions and changing the mounting location of the clutch. (2) Calculations and measurements revealed that this system would provide fuel economy improvements of 5.5% (in Japanese in-use mode).
(3) The following challenges were identified.
• Engine decoupling control for an increase in the amount of regenerative energy
• Further reductions in windage, mechanical, and drag losses We will determine the feasibility of the system, devise solutions for the challenges identified, study other drive modes as well as heat and vibration issues, and work out detailed specifications. As the next step, we will challenge the system, putting the regenerated energy directly back to the drive train. 
